The chlorination of drinking water has been associated with the development of bladder (Koivusalo et al., 1994; McGeehin et al, 1993; Vena etai, 1993) , colorectal (Koivusalo et al, 1994) , and pancreatic cancer (Ijsselmuiden et al, 1992) . When chlorine reacts with natural humic and fulvic substances present in source waters, a wide variety of halogenated by-products result (Christman et al, 1983; Uden and Miller, 1983; Krasner et al, 1989 ). An important class of chlorination by-products are the haloacetates. When chlorine is used as the disinfectant, substantial amounts of dichloroacetate (DCA) and trichloroacetate (TCA) are produced (Krasner et al, 1989) . However, when bromide is present in the treated waters, mixed bromochloro and/or brominated acetic acids also result (Krasner et al, 1989) . Furthermore, when bromide is present in high ratios to the total organic carbon that is present and the chlorine that is added, production of brominated haloacids is favored over chlorinated haloacids (Krasner et al, 1989; Pourmoghaddas et al, 1993) .
DCA is carcinogenic in both B6C3F1 mice (DeAngelo et al, 1991; Herren-Freund et al, 1987; Bull et al, 1990; Daniel et al, 1992) and F344 rats (A. B. DeAngelo, personal communication) . TCA is carcinogenic in the B6C3F1 mouse (Herren-Freund et al, 1987; Bull et al, 1990) . The carcinogenic activity of the brominated and bromochloro haloacetic acids is unknown.
Little is known about the carcinogenic mechanism of TCA and DCA. It is thought that TCA's ability to cause hepatocarcinogenesis in B6C3F1 mice is due to its ability to act as a peroxisome proliferator (DeAngelo etal, 1989) . Peroxisome proliferators are a class of compounds known as nongenotoxic carcinogens because of their ability to act as complete carcinogens in rodents without directly modifying DNA (Gibson, 1993) . DCA can also produce a peroxisome proliferative response (DeAngelo et al, 1989) , but only at doses much higher than those required to induce tumor formation (DeAngelo et al, 1989; Daniel et al, 1992) .
TCA and DCA have been shown to induce lipid peroxidation in mice and rats (Larson and Bull, 1992) . It has been shown that compounds which produce oxidative stress can also produce 8-hydroxydeoxyguanosine (8-OHdG) (Sai et al, 1991; Conaway et al, 1991) . 8-OHdG residues have been shown to cause G -* T and A -* C transversions (Cheng etal, 1992) .
The bromine-carbon bond is more labile than the chlorine-carbon bond (Koch et al, 1974) , so brominated congeners of TCA and DCA, bromodichloroacetate (BDCA), bromochloroacetate (BCA), and dibromoacetate (DBA) may be more potent in inducing lipid peroxidation and 8-OHdG formation. As a consequence, the effects of acute treatment with BDCA, BCA, and DBA on lipid peroxidation as well as the formation of 8-OHdG from single doses of TCA, DCA, BDCA, BCA, and DBA have been investigated.
MATERIALS AND METHODS
Chemicals and standards. 2'-Deoxyguanosine, nuclease PI, ribonuclease A (Type II-A), ribonuclease T,, bacterial alkaline phosphatase (Type HI), and isoamyl alcohol were purchased from Sigma Chemical Co. (St. Louis, MO). Sucrose (Ultrapure) was purchased from Gibco BRL (Gaithersburg, MD). Dibromoacetic acid was purchased from Fluka Chemie AG (Buchs, Switzerland), and 8-OHdG was prepared by the method of Kasai and Nishimura (1984) and was purified using HPLC as described by Floyd et al. (1986) , except that the methanol in the mobile phase was reduced to 5%. UV and mass spectral characteristics of purified 8-OHdG were in agreement with previously reported values (Kasai and Nishimura, 1984) . All other chemicals were of the highest purity available. BDCA and BCA were synthesized by the method of Zimmer et al. (1990) and purity was assessed using NMR and HPLC.
Animals.
Seven-week-old (20-22 g) male B6C3F1 mice were obtained from Charles River Breeding Laboratories (Raleigh, NC) or Simonsen Laboratories (Gilroy, CA). The mice were housed in an environmentally controlled room at constant temperature (20-24°C), humidity (40-60%), and 12-hr light/dark cycle. Purina Rodent Chow and water were provided ad libitium. Mice were randomly assigned to treatment groups after a 1-week acclimation period.
Animal treatment.
Haloacetate solutions were prepared by dissolving TCA, DCA, BDCA, BCA, or DBA in distilled H 2 O and adjusting to pH 7.0 using 1 or 5 N NaOH. Stock solutions were prepared and diluted to the appropriate concentration so that the compounds were given in a volume of 0.1 ml/g body wt to provide a final dose of 30, 100, or 300 mg/kg. Mice were deprived of food for 3 hr prior to dosing. At time points indicated, mice were sacrificed by cervical dislocation and the livers were removed and weighed. One-half of the liver was snap frozen in polypropylene vials by immersion in liquid nitrogen, and the other half was used to measure lipid peroxidation using the thiobarbituric acid-reactive substance (TBARS) method. Samples used for determination of 8-OHdG concentration were maintained at -170°C in liquid N 2 until fractionation of nuclei.
Determination of TBARS levels. Determination of TBARS levels was by the method of Uchiyama and Mihara (1978) . For the dose-response experiments, mice were sacrificed at 1 hr (DBA) or 3 hr (BCA and BDCA) along with concurrent controls. These were the times of peak TBARS production as determined by the previous time-course experiments.
Isolation and hydrolysis of liver DNA. Nuclear DNA was extracted using a modification of the Marmur (1961) procedure as previously described by Fiala et al. (1989) . The major deviations from this method were that liver nuclei were isolated and purified as described by Lynch et al. (1970) prior to DNA extraction, and phenol was omitted from the extraction procedure to avoid artifactual 8-OHdG formation (Clayclamp, 1992) . Following isolation, DNA was digested to nucleosides using successive incubations with nuclease PI and bacterial alkaline phosphatase (Kasai et al., 1986; Cattley and Glover, 1993) .
HPLC-EC.
Digested DNA was analyzed by HPLC utilizing simultaneous UV (254 nm) and electrochemical (5 nA) detection. The HPLC system consisted of a Shimadzu LC-10AD pump, a SIL-9A autosampling injector, a SPD-6AV UV detector, and an ESA Coulochem II EC detector equipped with a Model 5010 analytical cell (E, = 100 mV, Ej = 350 mV) and a Model 5020 guard cell (400 mV). The column used was a 4.6 X 250-mm Supelcosil LC-18S protected by a 4.6 x 20-mm Supelguard guard column (Supelco, Inc., Bellefonte, PA). This column was maintained at 35 ± 1°C using an Eppendorf CH-30 column heater controlled by a Eppendorf TC-45 temperature controller. UV and EC detector output was recorded on a Kipp and Zonnen Model BD112 dual-channel flatbed recorder. The mobile phase consisted of helium-sparged, 12.5 mM citric acid, 25 mM sodium acetate, 30 mM sodium hydroxide, and 10 mM acetic acid in 4% methanol. Levels of guanine modification were expressed as 8-OHdG/lO 5 dG. Repeatability of measurements was confirmed by frequent duplicate injections of sample.
Statistical methods. To conserve animals, controls were not employed at each time point. Therefore, control values for all time points measured were analyzed by ANOVA to determine if there were any significant changes in the controls over time. It was found that control values did not vary significantly over time. Thus, an average, time-independent mean represented by the bar on Figs. 1-3 was derived. Next, F tests were conducted comparing the pooled control values with the values from each experimental time point to determine if subsequent / tests should be conducted assuming equal or unequal variances (Gad and Weil, 1989) . If the F test was not significant (p > 0.05), then a / test using a pooled variance (r test assuming equal variance) was performed. If the F test was significant (p =s 0.05), then a t test assuming unequal variances was performed. For Figs. 4 and 5, F tests were performed as described above, and the appropriate t test was used for statistical analysis. In all cases, p « 0.05 was considered significant. Figure 1 depicts the time course of increased TBARS observed with brominated haloacetates. Maximum levels were considerably greater and peak levels occurred much earlier than was previously observed with TCA and DCA (Larson and Bull, 1992) . It required 6 and 9 hr to reach maximum concentrations of TBARS in the liver of mice administered DCA and TCA, respectively, whereas peak responses were observed at 1 hr for DBA and 3 hr for BCA and BDCA in the present study. When adjusted to equivalent doses, peak levels from DCA and TCA were only 3.3-and 1.7-fold greater than control compared to the > 6-fold increase observed with the brominated and bromochloro haloacetates. Therefore, both the initial rate of formation and the peak concentrations of TBARS are significantly increased by bromine substitution in both the dihaloacetate and trihaloacetate series.
RESULTS
Increases were found in the 8-OHdG levels of nuclear DNA of the livers of mice treated with the dihaloacetates (Fig. 2) . DBA shows the most rapid production of 8-OHdG, with significant increases occurring as quickly as 30 min after dosing. BCA and DCA are less rapid with significant increases occurring at 1 and 4 hr, respectively. It is notable that these increases were sustained for up to 12 hr with the brominated dihaloacetates, but returned to near control levels with DCA by 8 hr.
The trihaloacetates, BDCA and TCA, also produced significantly increased levels of 8-OHdG in the nuclear DNA of the liver (Fig. 3) . However, this effect developed much more slowly with increases in 8-OHdG being observed only 5 and 8 hr after dosing for BDCA and TCA, respectively. The dose-response relationships describing TBARS induction by the brominated haloacetates in the liver of B6C3F1 mice are depicted in Fig. 4 . Small, inconsistent increases in TBARS were observed with doses of the dihaloacetates up to 100 mg/kg, but at a 300 mg/kg dose, clearly significant responses were observed with all the brominated haloacetates. Figure 5 displays the dose-response relationships involved in the production of 8-OHdG in nuclear DNA of B6C3F1 mice treated with brominated haloacetates. Significant increases in 8-OHdG were observed with doses as low as 30 mg/kg for all three compounds. At lower doses, induction of 8-OHdG by the two dihaloacetates was greater than that observed with BDCA.
DISCUSSION
Increases in TBARS and 8-OHdG formation caused by haloacetates indicate that oxidative stress may play a role in the ability of these compounds to induce hepatocarcinogenesis in B6C3F1 mice. Increases in 8-OHdG are of particular importance as this base has been shown to be capable of inducing G -» T and A -* C trans versions (Cheng et al, 1992) .
The differing forms of the dose-response curves for formation of TBARS and 8-OHdG suggest that the mechanisms for generating these two indictors are divergent. Although both may result from oxidative stress, the observation of increased 8-OHdG at lower doses and a tendency to display "saturable" kinetics at higher doses is clearly different than that observed with TBARS formation. TBARS formation, therefore, may arise more from propagation rather than initiation of lipid peroxidaton. This divergence in response may relate to the fact that metabolism of dihaloacetates appears to occur primarily in cytosolic rather than microsomal fractions (Lipscomb et al, 1995) .
Prior work had shown that DCA and TCA could cause single-stranded breaks (SSB) in DNA (Nelson and Bull, 1988; Nelson et al, 1989) . However, other investigators could not reproduce the SSB caused by DCA and TCA (Styles etal., 1991; Chang et al., 1992) . Chang et al. (1992) used a different method for separating double-stranded and single-stranded DNA. On the other hand, Styles et al. (1991) used doses of TCA previously shown to interfere with the metabolism of DCA produced from TCA (Larson and Bull, 1992) . Furthermore, the alkaline unwinding assay, a variant of the alkaline elution procedure, is noted for its variability and inconsistency depending on the techniques used while performing this procedure (Koch and Giandomenico, 1994) . It is possible that the effects observed by Nelson et al. (Nelson and Bull, 1988; Nelson et al, 1989 ) may have measured the rather subtle effects of excision repair by DNA glycosylases in response to oxidative damage to DNA (Bessho et al, 1993) . However, it is notable that prolonged treatment The carcinogenic activity of the brominated analogs of TCA and DCA is unknown. However, the more extensive oxidative stress and significantly greater levels of 8-OHdG produced by the brominated haloacetates would suggest greater potential as genotoxic carcinogens. This may be of even greater significance because measurement of 8-OHdG alone does not reflect the total amount of damage induced in DNA by oxidative stress. It is also likely that there could be significant formation of thymidine glycol or 5-hydroxylmethyl uracil in response to the oxidative stress induced by haloacetate treatment (Frenkel et at, 1991) . Moreover, a number of DNA adducts formed from products of lipid peroxidation have also been observed (Marnett and Burcham, 1993) . Therefore, it is likely that the extent of DNA damage caused by the haloacetates may well be underestimated by 8-OHdG measurements.
In summary, single oral doses of TCA, DCA, BDCA, BCA, and DBA have been shown to induce oxidative DNA damage. Dihaloacetates are significantly more potent than trihaloacetates in this regard. Furthermore, bromine substitution in either haloacetate class results in higher levels of 8-OHdG in nuclear DNA compared to chlorinated analogs. DNA damage resulting from the oxidative stress induced by the haloacetates may significantly contribute to their carcinogenic properties.
